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1. INTRODUCTION 


During- t-he-past— 7 — l-/-2--years— (November— 1—1964- to April— 30y -19?-2) , — 

we have received a grant from NASA to perform research on the surface 
properties of thermionic electrodes. The objective of our work was to 
obtain analytical and experimental results that may contribute towards 
improving the performance of thermionic energy conversion devices. The 
results are summarized in this final report. 

Although the value of a research program cannot be measured solely 
in terms of the number of publications or theses, these figures are worth 
mentioning. (Lists of publications and theses are given in the Appendix.) 

Publications and Conference Presentations: 


Journal Articles 15 

Conference Presentations 10 

Total 25 


Theses 

Bachelors 3 

Masters 3 

Doctors 

Total 10 


It is my personal belief that, aside from the educational benefits of 
our work, the most significant achievements were: (1) the development of 
a quasiequilibrium model which provides seraiquantitative predictions of 
the reaction of oxygen with refractory metals at high temperature and low 
pressure'*' ; (2) the extensive experimental data^ ^ obtained on the 
adsorption and work function properties for a wide variety of adsorbates 



(Cs, K, Na, I, Br, Cl, 0) on several refractory metals (W, Ta, Mo, and Re). 

We are quite certain that the value of the quasiequilibrium model and our 

experimental data on oxygen-metal reactions will not be limited to thermionic 

energy conversion, but will extend to a wide range of other technological 

devices and processes, such as high temperature nuclear reactors, incan- 

18 

descent and arc lamps , chemical vapor deposition, and vacuum pressure 
measurements'* > The potential technological value of our data on alkali 
metal adsorption appears to be far more limited; however, these data are 
of some value to science, particularly to the recent surge of interest in 
developing a detailed quantum mechanical description of adsorption. 

We have very much enjoyed our relation with the people at the NASA 
Lewis Center, and we are especially grateful to Roland Breitwieser for 
his guidance and his belief in research at academic institutions. 


- 2 - 



2. EXPERIMENTAL STUDIES 

— 2.1- -Introductory— Remarks 

Throughout this research program we have concentrated primarily on 
obtaining detailed experimental data on the influence of cesium on the 
work functions of various refractory metals that were being considered 
for possible use as electrodes (i.e. , thermionic emitters and/or collectors) 
in thermionic energy converters. Data of this nature are needed both by 
researchers attempting to develop a theoretical description of thermionic 
converters and by engineers attempting to build converters having im- 
proved performance. Since the development of a theoretical model of 
cesium adsorption would benefit from the availability of comparative data 
for other alkali metals, we also performed some experiments with Na and K. 
Single crystals were used in many of our studies because an objective 
was to determine the influence of surface crystallographic structure on 
the cesium adsorption properties [i.e., on the dipole moment (work 
function change) and on the binding energy (heat of adsorption) of the 
cesium-metal system]. These experimental studies of alkali metal ad- 
sorption are summarized in Section 2.2. 

As this research program proceeded, we began to concentrate more on 
the adsorption of oxygen and of halogen gases on refractory metals. 

These studies were motivated by evidence that the presence of small 
amounts of oxygen (and possibly halogens) in thermionic converters result 
in substantial increases in power output. Additional data on the ad- 
sorption properties of these electronegative gases were needed to develop 
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a clearer understanding of the phenomena so that the highest possible 
increases could be achieved. We measured the work function change and 
desorption energy of oxygen and of halogens on various refractory metals, 
and, very recently, we have used Auger electron spectroscopy to obtain 
approximate measurements of the coverage of oxygen on tungsten as a 
function of oxygen pressure and tungsten temperature. These results 
for oxygen and halogen adsorption are summarized in Section 2.3. The 
model we have developed for the reaction of oxygen with refractory metals 
at high temperatures and low pressures is summarized in Section 3. 


2.2 Experimental Studies of the Adsorption of Alkali Metals on 
Refractory Metals 

We have used three different experimental techniques in our studies of 
the adsorption properties of alkali metals on refractory metals: 

1. Cylindrical Thermionic Emission Microscope . This technique, 

illustrated in Fig. 1, was employed to measure the thermionic 

current emitted in different crystallographic directions from 

a single-crystal tungsten filament which was covered to varying 

9 

degrees with adsorbed cesium . The advantage of this technique 
was that it enabled us to observe the influence of crystallo- 
graphic structure, cesium pressure, and filament temperature 
on the thermionic emission from tungsten (Figs. 2-4). The 
disadvantage was that quantitative interpretation of the data 

tjae rnnrnl at-o/1 Ky tRs flSCtl t tllC CCClllm CCVCrS^C Wd 3 TIC w 

measured in this apparatus and we suspect that the coverage on 
a particular crystallographic region of the filament surface was 
influenced to some degree by surface diffusion to (or from) 
adjacent regions having different crystallographic orientation. 

2. Contact Potential Technique. We utilized the electron beam 

retarding potential technique to measure the dependence of the 

work function of a metal surface on the coverage (concentration) 

8 12—15 

of adsorbed alkali metal atoms * . This technique was an 

excellent complement to the thermionic emission microscope 

because it enabled us to determine the coverage and to work with 

• 

single crystals that were sufficiently large, and at sufficiently 
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low temperature, to minimize the possible influence of surface 

-migr-at-ion-be tween- regions -of- d-i-f-fer ent-crystallographic- structure. - 

On the other hand, the contact potential technique forced us to 
work at temperatures below the range of thermionic converters, 
and it did not allow us to determine the dependence of coverage 
on alkali metal pressure and electrode temperature. The 
apparatus is shown in Fig. 5, and the principal experimental 
results are presented in Figs. 6-10. 

3. Molecular Beam Technique . This technique was used to determine 

12 16 

the binding energy of cesium on tungsten single crystals * 

The apparatus is shown in Fig. 11, and the characteristic de- 
sorption times measured for cesium on (110) and (100) . tungsten 
crystals are given in Fig. 12. On the basis of these data, the 
desorption energy of cesium ions from tungsten is 2.05 eV for the 
(100) face and 1.77 eV for the (110) face. These results con- 
stitute a useful complement to the contact potential data, since 
the combined results provide a more complete description of the 

nature of the cesium-tungsten bond and its dependence on crystal 

. . 16 
structure 

In Section 4.1 we comment on our attempts to interpret our experimental 
results in terms of various theoretical models. 
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2.3 Experimental Studies of the Interaction of Oxygen and Halogens 

with Refractory Metals 

We have used four different experimental techniques in our studies of 
the interaction of oxygen and halogens with refractory metals: 

1. Cylindrical Thermionic Emission Microscope . This technique, 
which was described in the preceding section, was utilized to 
measure the thermionic current emitted in different crystallo- 
graphic directions from a single-crystal tungsten filament which 
was covered to varying degree with adsorbed oxygen^. The 
objective was to determine the dependence of the thermionic 
emission from tungsten on crystallographic structure, oxygen 
pressure, and filament temperature (Figs. 13 and 14). 'By 
assuming that the work function change was directly proportional 
to the oxygen coverage, we were able to estimate the effective 
desorption energy for oxygen on tungsten (Fig. 15) from 
measurements of the rate of change of the emission current when 
the oxygen pressure is suddenly decreased. As in the case of 
cesium, quantitative interpretation of these data was prevented 
by the fact that the oxygen coverage could not be measured in 
this apparatus and we suspect that the coverage on a particular 
crystallographic region of the filament surface was influenced 
substantially by surface diffusion of oxygen to (or from) adjacent 
regions having different crystallographic orientations^. 

2. Cylindrical Thermionic Diodes . 'The preceding technique was 
simplified by replacing the single-crystal tungsten filament 
with polycrystalline filaments of molybdenum, tantalum, rhenium. 
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and tungsten, thereby enabling us to obtain data of the influence 

of oxygen on the work function of a variety of refractory 

metals'^ (Fig. 16). We also obtained estimates of the effective 

11 4- 

desorption energy for oxygen on these metals; 5.75-0.25 eV for 
0-Mo; 5.5-0.15 eV for 0-Re; 6.05^0.1 eV for 0-W. 

3. Contact Potential Technique . The apparatus described in Section 

2.2 and illustrated in Fig. 5 was also used to measure the work 

function change resulting from the adsorption of oxygen on a 

tantalum (110) crystal^ and of iodine, bromine, and chlorine on a 

13 

tungsten (100) crystal. (Figs. 17-20). By heating the crystal 
we were able to observe the stages of desorption of the halogens 
from tungsten^. 

4. Auger electron spectroscopy . We have recently used this technique 
to determine the oxygen coverage on tungsten as a function of. the 
oxygen pressure and the tungsten temperature"^. As shown in Fig. 21 
the Auger peak corresponding to oxygen decreases with increasing 
temperature of the tungsten sample. Data for a range of pressures 
and temperatures are included in Fig. 22, and, if we assume that 
the peak-to-peak height of the oxygen Auger peak is directly pro- 
portional to the oxygen coverage on the tungsten surface, then 
these data correspond to adsorption isobars. These results lead 

to a simple model which provides a consistent description of the 

data in the low coverage ranged. We believe that this work is 

the first demonstration that chemical analysis of solid surfaces 

• 

by Auger electron spectroscopy may be performed for samples at 
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extremely high temperatures ( 2500°K in the present case). 

A summary of our analytical studies of the reaction of oxygen with 


refractory metals is presented in Section 3. 



2.4 Experimental Studies of the Adsorption of Cesium-Oxygen Mixtures 
on Refractory Metals 

These studies were motivated by evidence that the power output of a 

thermionic energy converter increases significantly when a small amount 

of oxygen is added. We performed a number of experimental measurements 

8 13 

of the influence of mixtures of cesium and either oxygen or halogens 
on the work function of tantalum and tungsten, but the results generally 
were not reproducible as a result of side effects (e.g., contamination 
of the surface by unidentified impurities displaced from the chamber 
walls by cesium or oxygen). Our most reliable data are displayed in 
Figs. 23-25, and we observe that oxygen and halogens do have a very 
marked effect on the work function of cesium-metal systems. 


* At the time of these experiments, we did not have an Auger electron 
spectrometer to identify the impurities. 
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3. ANALYTICAL STUDIES 

When gaseous oxygen reacts with refractory metals at high temperature, 
the metal oxide molecules formed at the surface evaporate so readily that 
a surface oxide film does not form. These reactions have been studied 
quite extensively because they are encountered in a variety of technologi- 
cal problems, including thermionic energy conversion, high-temperature 
power and propulsion systems, and high-speed flight. To obtain a consistent 

description of the existing experimental data, we have developed a quasi- 
1-3 

equilibrium model of the reaction of gases with metals at high tempera- 
ture where the oxide products are volatile. The principal attribute of 
this model is that it provides semiquantitative predictions of the rate of 
attack (erosion) of a refractory metal as a function of pressure and 
temperature. 

The quasiequilibrium model is based on the assumption that a 
fraction (£) of the molecules striking a metal surface will be adsorbed 
and undergo chemical reaction, whereas the remainder (1 - £) will rebound 
from the surface without undergoing chemical reaction. Furthermore, it is 
assumed that the fraction that adsorbs and reacts can be considered to 
attain local thermodynamic equilibrium with the metal, with the consequence 
being that the rates of evaporation of the various reaction products 
(0, 0^, WO, WO 2 , WO^, etc.) correspond to the rates at which these species 
would effuse from the orifice of a Knudsen (equilibrium) cell at the same 
temperature as the metal. As shown in detail in references 1 and 3, these 
assumptions enable us to compute these rates if the free energies of forma- 
tion are available for each product, and if we determine the adsorption 



fraction, by a semiempirical scheme which is consistent with the 
* 

model . The results agree satisfactorily with existing mass spectrometric 

measurements of the rates of evaporation of products from tungsten (Fig. 26) 

and from molybdenum^. In addition, the results provide a reasonably 

accurate description of experimental data on the rate of volatilization 

(e.g., erosion) of tungsten by oxidation for a wide range of temperature 
3 

and pressure (Fig. 27). The model has also been applied to the reaction 

19 

of fluorine with tungsten (Fig. 28) and the reaction of oxygen with 
rhenium^ . 


* To obtain a more quantitative description of £ for on tungsten, we 
utilized Auger electron spectroscopy to obtain data on the oxygen 
coverage as a function of pressure and temperature (Section 2.3 and ref. 17) 
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4. CONCLUSIONS AND RECOMMENDATIONS 


4.1 Alkali Metal Adsorption 

Although the adsorption of alkali metals on metal surfaces has been 

studied by many investigators using a variety of techniques, the results 

do not yet provide a description which is consistent, detailed, and 

reliable. We believe that very small degrees of surface contamination 

may be responsible for some discrepancies between the data obtained by 

14 

different investigators . Furthermore, we believe that adsorption data 
obtained by field emission techniques do not provide an accurate repre- 
sentation of adsorption on large, planar crystals^. Our biased conclusion 
is that the contact-potential data obtained in the present program are the 
most reliable data now available on the adsorption of alkali metals on 
tantalum (110) and tungsten (100) crystals ; However, additional data for, 
other crystal faces are necessary to provide a more complete picture of 
alkali metal adsorption and thereby guide the development of adsorption 
theory. Future studies should incorporate a wide variety of modern 
surface science techniques, such as Auger electron spectroscopy, electron 
diffraction, flash desorption mass spectrometry, and modulated molecular 
beam techniques . 

We were disappointed in our attempts to compare our experimental data 
with the predictions of existing theoretical models of alkali metal ad- 
sorption. (For detailed discussions of our comparisons, see references 
15, 16, and 20). We found that some theoretical models could not be applied 


because they required extensive computation, while other models did not 
yield predictions that agreed satisfactorily with our data (except possibly 
in the limit of low coverage). Many of the theoretical models involve 
adjustable parameters which prevent us from performing a rigorous test of 
the model until reliable experimental data are available for a wider range 
of materials. Although it is clear that more theoretical work is needed, 
we believe that it is equally important to obtain additional experimental 
data on the adsorption properties (work function change, binding energy, 
etc.) of various alkali metals on different crystal faces of tungsten, 
molybdenum, rhenium, etc. The particular systems should be carefully 
chosen to provide the experimental data that will be most useful in 
testing the present theoretical models and guiding future developments. 

In reference 16 we point out that a more stringent test of theoretical 
models is obtained by measuring different properties of the adsorption 
bond, such as the dipole moment (work function change) and the binding 
energy (desorption energy). 

4.2 Oxygen Adsorption 

We believe that the quasi-equilibrium model represents a significant 
step forward in clarifying our understanding of the interaction of oxygen 
(and halogens) with refractory metals. This model could be improved by 
performing investigations that would lead to a more quantitative under- 
standing of C, the adsorption (or equilibration) probability. Experiments 
utilizing molecular beam techniques and Auger electron spectroscopy would 
provide the data needed to guide the formulation of a model of the adsorption 
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step. 


The quasi-equilibrium model does not provide information on the 
dependence of the work function of a surface on oxygen coverage. This 
important problem is, most likely, an extremely difficult theoretical 
task, and it may be best to concentrate first on obtaining experimental 
data. As indicated by the results of our recent study described in 
Section 2.3, Auger electron spectroscopy is an extremely useful technique 
for determining the coverage of oxygen on a particular metal as a 
function of oxygen pressure and metal temperature. By measuring the 
thermionic emission current from the same surface as a function of 
pressure and temperature, we would be, able to determine the dependence of 
work function on coverage. 

4.3 Adsorption of Cesium-Oxygen Mixtures 

The prediction or interpretation of the performance (e.g., current- 
voltage characteristics) of a thermionic energy converter containing 
cesium + oxygen requires knowledge of the dependence of the emitter work 
function on the cesium and oxygen pressures and on the emitter temperature. 
This knowledge is incomplete at present because of the scarcity of experi- 
mental data, and our limited data for Cs + 0 on Ta(110) do no more than 
illustrate the complexity of the problem. Although our data for the 
separate adsorption of cesium and of oxygen are necessary auxiliary in- 
formation, they do not satisfy the need for data on co-adsorption of the 
species. We suspect that this complex adsorption case will be understood 
only if considerable effort is devoted to it using a variety of experimental 
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techniques. Since the cost of such an effort may be too high to be 
justified, we suspect that it may be necessary to settle for less 
detailed information based on careful experiments performed in thermionic 
diodes. 
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PYREX ENVELOPE 



Fig. 1. Schematic diagram of cylindrical thermionic 
emission tube. [From Coggins and Stickney 9 ] 
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Fig. 2. Emission pattern for bare tungsten; T = 1900°K. 
The indicated positions of different crystallographic 
directions were determined by comparison with the results 
of Nichols and Smith. [From Coggins and Stickney^] 
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Fig. 3. Emission pattern for cesiated tungsten; T = 750°K, 

Tcs = 296. 7°K (pcs ~ l*3x 10“ 6 Torr). Notice that the emission 
is highest in the (110) and (112) directions; as seen in 
Fig. 2, these directions have the lowest emission when the 
surface is bare (i.e., when no cesium is present). [From 
Coggins and Stickney^j 
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Fig. 4. Comparison of experimental results of the 
present study with theoretical predictions of <J> E vs. T/Tc s . 
Circles and triangles represent data for (110) and (112) 

directions, respectively. ( ) Rasor-Warner theory for 

<j>o = 4.62 eV; ( ) Rasor-Warner theory for <j> = 5.05 eV; 

( — - — ) Levine-Gyf topoulos theory for 4>o = 5.30 eV, 

Of = 4.8 x 10 11 * cm- 2 , and cf>f = 1.8 Ev. [From Coggins and 
Stickney9] 
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OXYGEN OR HYDROGEN 



Fig. 5. Schematic of ultrahigh vacuum apparatus for 
contact potential measurements of the work function vs. 
coverage for various metals and adsorbates. [From Fehrs 
and Stickney?.] 
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Fig. 6. Experimental data on A4> versus n for the system Cs/Ta 
(110) at ~300°K. The arrow denotes our estimate of the 
state (A<}>,nf) corresponding to the high coverage limit. 

From Fehrs and Stickney^ >■“] 
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Fig. 7. Experimental data on A<j> versus n for the system K/Ta 
(110) at 'SOO^K. The arrow indicates our estimate of the 
state (A4>f, nf) corresponding to the high coverage limit. 
[From Fehrs and Stickney 15 .] 


a , fractional coverage 

0 0.2 0.4 0.6 C.S !.C 



Fig. *8. Experimental data on A<f> versus n for the system 
Na/Ta (110) at 300°K. [From Fehrs and Stickneyl5.] 
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nxlO' M ,APPARENT CESIUM COVERAGE (cm 2 ) 


Fig. 9. Experimental data on A<j> versus n for the system 
Cs/W(100) at ~300°K. Although the right-hand curve is 
distorted by surface migration, we believe that the left- 
hand curve accurately depicts. Ad) versus n for n ~ 0.8 x 10 
cm -2 . [From Fehrs and Stickneyl^]. 
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Fig. 10. Experimental data on Acfi versus n for the system 
K/W(100) at ~300°K. [From Fehrs and Stickney^-*] . 
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Fig. 14. Summary of the experimental results on the 

dependence of <J> on T/T^* for various crystallographic 

directions of tungsten. T is the temperature of the 

tungsten filament, and is the effective "reservoir 

temperature" for C>2 (i.e., the saturation temperature 

corresponding to the particular value of 0 „ pressure). 

10 ^ 

(From Engelmaier and Stickney . ] 
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Fig. 15. Dependence of effective desorption energy on 
effective coverage for oxygen on the (100), (110), (111) 
and (112) crystallographic directions of tungsten. 
Horizontal lines are drawn through the data points to 
illustrate both the magnitude and constancy of x** 

[From Engelmaier and Stickneyl 0 ]. 





Fig. 16. Dependence of the effective work functions 
of polycrystalline W, Re, and Mo on T/Tr*, where T 
and Tr* are defined in Fig. 14. [From Greaves and 
Stickneyll . ] 






0 2 EXPOSURE (I0‘ 9 TORR-MINUTE) 


Fig. 17. Experimental results for the adsorption of O2 on 
(110) Ta in the low exposure range. The actual data have 
been correlated by making the experimental curve for each 
run pass through A(p = 0 at ~27 x 10“ Torr-min. All runs 
were made at 300°K. [From Fehrs and Stickney?]. 



IN. APPARENT INTEGRATED I 2 FLUX {cm'*) 


Fig. 18. Contact-potential data for the adsorption of 
12 on W(100) at T s = 300°K and pressures in the range 
5 x 10“ 9 -1 x 10 - Torr. The absolute work function 
scale on the right was derived from contact-potential 
results by assuming the bare surface $ of W(100) to 
be 4.65 eV. [From Fehrs and Stickneyl^.} 
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< N, APPARENT INTEGRATED Cl 2 FLUX (cm* 2 ) 


Fig. 19. Contact-potential data for the adsorption 
of Br2 on W(100) at T S -200°K and pressures in the 
range 5 x 10“ 9 -1 x 10“ 5 Torr. [From Fehrs and 

Stickneyl3. ] 



N, APPARENT INTEGRATED Br 2 FLUX lctn-2) 


Fig. 20. Contact-potential data for the adsorption of 
Cl2 on W(100) at Te=300°K and pressures in the range 
1.5 x 10 _9 -4 x 10” Torr. [From Fehrs and Stickneyl^.] 
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Fig, 22. Dependences of So, the peak to peak amplitude of the Auger peak for oxygen, on the 
temperature of the polycrystalline tungsten sample and on the oxygen pressure. [From Dabiri, 
Aramati, and Stickneyl?. ] 



Fig. 23. Experimental results for the adsorption of Cs 
on oxygenated (110) Ta. Before adsorbing Cs on the 
surface, the initial work function, (pi, was varied by 
adsorbing different amounts of oxygen. The experimental 
results for Cs adsorption on clean (110) Ta (<})i = 4.73 eV) 
have been included for purposes of comparison. [From 
Fehrs and Stickney^.] 
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Fig. 24. Contact-potential data for co-adsorption of Cs 
and I 2 on W(100) at T s = : 300 o K. In these studies a monolayer 
of Cs was applied to the surface prior to I 2 adsorption. 
[From Fehrs and Stickneyl^,] 
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Fig. 25. Contact-potential data for co-adsorption of Cs and 
Cl on W(100) at T S =300°K. In this study a monolayer of Cs 
was applied to the surface prior to CI 2 adsorption. [From 
Fehrs and Stickneyl3 # ] 




T, TUNGSTEN TEMPERATURE ( °K ) 


Fig. 26. Comparison of the predictions of the quasiequilibrium model 
with the mass spectrometric data of Schissel and Trulson on the 
evaporation rates of volatile species formed in the chemical 
reaction of gaseous O 2 with solid tungsten. The experimental data 
were obtained at constant O 2 pressure (2.1 x 10 -1 *Torr) and constant 
O 2 temperature (~300°K), corresponding to an impingement rate of 
Z '02 = 7.5 x 10 16 cm~ 2 sec” 1 . [From Batty and Stickney^-.] 
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Fig. 27. Comparison of the predictions of the quasiequilibrium model 
with experimental data on the rate of oxidation of tungsten. The 
volatilization rate, Ey, is defined as the number of tungsten atoms 
removed from the surface per cm 2 per sec by oxidation and by sublimation 
[From Batty and Stickney-^.] 
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